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PROJECT SUMMARY. We evaluate effects of land management and climate scenarios on
fluvial and thermal conditions and on coldwater fish populations in the SnoquRiveie
watershed. The Snoqualmiatershed is home to ESpgvotected salmon and steelhead, resident
coldwaterfish populaions, and provides traditional natural and cultural resources for the
SnoqualmieTulalip, and Muckleshoolndian Tribes. Portions of the river are temperature
impaired, and there is concern that in the future, there willdreater fraction of winter
precipitation faling as rain, less snow accumulation, and an earlier snowhielse changes will
decrease stores wfater availableluringsummerandexacerbate warming in riverghich will
stresscoldwater salmonidsNater resource managers tasked with ensuring adequate water supply
for irrigation anddomestic usewill also be challenged by low summer flows. Thus, a process is
needed for predicting possible outcomes for fish so that managers can weigh the toddeoffs
potential management activities benefitting different water uBeoslucts from this project will
help the Snoqualmie Tribe to identify ndarm actions (e.qg., preparing tribal members for fish
harvest opportunities or needed protectiorsaason) ahlongterm actions (e.g., prioritizing
conservation strategies that maximize coldwater habitht3. project consisted of four primary
tasks which were sequencexd outlined in Figure Each task is briefly outlined below and
described in more deta ithe following sections.

Task1li We developea suite ofplausible management scenarios of riparian vegetatiih

input fromnaturalresoures co-manages. These scenaridgoadlyrepresenthoseunder

consideration by a diverse group of stakeholders (e.g., landowners, farmers, fishers) with which our
partners have an established relationshifese scenariosere used irsubsequent modelirtg
examinehow management actions could affect salmahtheir hattiats in the futureThis work

was performed by the Snoqualnhmelian Tribe, PNNL, andNWFSC

Task 2i We adapedand appkd an existingphysicallybased hydrologic and water temperature
model(DHSVM-RBM) to explore the effect of thgparianmanagemengcenariosand climate
scenarios on fluvial and thermal conditions at a high spatiotemporal resollB®m(pixel
resolution an@® hcomputational time st@pFuture climate conditions were represented by



downscaled outputs from 10 Coupled Mbthtercomparison Project Phase 5 (CMIP5) global
circulation models (GCM) und&CP 8.5emission scenaridn existing version of DHSVMRBM
in the Snoqualmie watershecismodified to explicitly account for thimermal eféect of snowmelt
onwatertemperatureThis work was performed by PNNL.

Task 3i We adapedand appkd an existingspatially-explicit individuatbased modglIBM) to
estimate the response by salmonidggarianmanagemerdand climatescenarios. The IBM

predicts populatiotevel responses such as growth, survival, and phenology (accumulated across
behaviors of many individuals) f@hinook salmorto spatiotemporal changes in water temperature.
An existing version of the salmon IBM the Snoqualmigvas modifiedto explicitly incorporatethe
effects of streamflow on fisfT.his workwasperformed byNWFSC

Task 41 We originally intended to évelop aguidance protocoli.e., aworkflow of guiding
principlesthatcan be used by practitioners who want to envision outcomes of management
strategies to conserve diverse fluvial and thermal habitats needed to sustain viable fish populations
alongside the needs of other water uddmvever, during this project, we reguged that many

such guidance documents already exist. Thereforeowgpiled a streamlined document intended

to be shared during outreach activiti€sis workwasperformed bythe SnoqualmidndianTribe.

Two clear outcomes of the project inclad@) specific results about the relative tradeoffs of the
suite ofriparianmanagement strategies evaluated, @ydahjprovedpreditive bols for application

to future problemsTogether, the results from this study and the modeling toolbeaised to assist
the Tribes in preparing conservation and/or climate adaptation plans to protect their important
natural and cultural resources for the benefit of their respective memilsership

DELIVERABLES

1) DHSVM-RBM source code used for this research is available at
https://github.com/pnnl/DHSVMPNNL, andDHSVM-RBM flow and temperature predictions
for climate and riparian scenarios and code to run the salmon IBM are available at
https://github.com/aimeefullerton/SnolBM

2) Yan, H., N. Sun, A. Fullerton, and M. Baerwalde. Greater vulnerability of snovieakettver
thermal regimes to a warming climakdanuscript submitted to Environmental Research
Letters.

3) Fullerton, A.H., N. Sun, M.J. Baerwalde, B.L. Hawkins, and H. Yan. Mechanistic simulations
suggest riparian restoration can partly counteract climate impacts to juvenile salmon.
Manuscriptin internal review; plan to submit to Journal of the American WRigsources
Association

4) Available on request due to large file sizes: (1) flow, water temperature and Chinook salmon
resultsproducedor each scenarioe simulated (as .csv files), (2) spatiotemporally explicit
mapsand animations


https://github.com/pnnl/DHSVM-PNNL
https://github.com/aimeefullerton/SnoIBM
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Figure 1. We used a sequence of models to evaluate how Chinook salmon may respond tc
climate change and riparian management scen@fe@ssed outputs from IOMIP5 GCMs,
downscaled to produce regional projections of air temperature and precipitationet\tb ese
outputs to forc® HSVM-RBM, which predicted flow and water temperature for each stream
reach every 3 h. Finally, we used flows and water temperatures in the fish model that pred
phenology, growth, and survival of juvenile Chinook salmifie. smulated fish responses to
flow and temperature for historical (192805) and future (2082099) periods. We ran all
models through a set of four scenarios to examine the extent to which riparian restoration
offset expected impacts to salmon causgdlimate change during freshwater residency.



TASK 1: Develop plausible management scenarios of riparian vegetation

After consultation with our natural resource management partneceaided orfour riparian
vegetation scenaridsr evaluation in this projecFigure 2:

(1) Baseline existing landscape conditions

(2) Least protectivewe protected riparian buffers in reaches that are already widel@®f), but
we reduced riparian buffer widths in other reaches 10 5 toreflect ongoing and increasing
human influences.

(3) Partial restorationwe protected existing wide buffers as above, but we restored buffers in Forest
Productionzoned areas to a width of 1080 m, restored buffers within agricultural or residential
areas to a width of 4000 m, and restored riparian buffers in the lower basin below Snoqualmie
Falls to a width of 2810 m.

(4) Eull restorationthis scenario represents a besise scenario illustrating what might have been
possible historically. In thiscenario, we assumed riparian buffers were-180 m wide on both
banks for all river reaches.

The first scenario captures current conditions and serves as a baseline to compare to future climate
scenarios and other riparian management scenarios. Thesogémarios reflect issues that natural

resource managers grapple with and were designed to assist them in their thealsianprocess.

We shared early results with natural resourcenemagers and their stakeholders to solicit feedback

for refining scenarios, and to illustrate the potential benefits and tradeoffs for fish. We did not
intend to suggest a fAbesto course of action; w
other socioeconomic and political issues that could leadstoategy that balances the needs of user
groups. Our goal was to provide information about how the scenarios affected salmon so that the
information could be incorporated into guidance that flexibly accommodates local knowledge and
stakeholder values.
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Figure 2. Riparian luffer widths (a) or change in buffer widtfrem baseline condition&-d)
associated with fouliparian vegetation scenarios: (a) Baseline: existing ripaoaditions (b)
Least protective pr ot e ct -neriparian areasng reddde&IDothers to B m; (c)
Partial restor at i-noriparian@neas tinerease existiidts 100-rmbgffer® 1
in forested areas to 150 m, and increase buffers along the mainstemGor2end (d)Full
restoration: all riparianases become 0150 m.



TASK 2: Develop andapply DHSVM-RBM, a physically-based hydrologic and water
temperature model

SUMMARY . Given our limited understandingith respect to the spatiotemporal effect of snow
melt on river temperatures at the watershed scale, PNNL enh2ah&®dM-RBM to account for

the thermal effect of cool snowitheunoff on river temperatures, and applied the enhanced model
to theSnoqualmie watershed for evaluating the responses of snow processes, hydrological
processes, and stream temperaturdésttoe climate and ripariamanagemengcenarios.

Simulations suggestithat, under historical climate conditions, snowmelild notaby reduce the
basinrwide peak summer temperatures particularly ateighration tributaries and the thermal
impact of melt waterauld persist through the summer along the mainstem. In future climates,
warming would decrease basin mean peak snow and surstreamflow by 92% and 60% by the
end of the century.iRer reaches in higlelevation snowdominated areas were projected to be most
vulnerable to future climate change, showing the largest increases in summer peak temperatures, as
a result of warmer tempetures, lower flows combined with diminished cooling from m&fth

the simulated riparian scenariospdel simulationsuggestdthat riparian restoration can offset
about 0.5 to 1 degree of increases in summer water temperature resulting from ¢langte c

APPROACH

DHSVM-RBM integrates the physidsased hydrological model DHSVM and a vedbased semi
Lagrangian stream temperature model RBM to prodooéinuous, andpatially distributed
simulations of streamflow and water temperatitra 3hourly time interval as applied the
Snoqualmie watershd@un et al 2015F-or mountainuswatershedsuch as the Snoqualmie
watershedthe advective flux of cool water can be a significantr®e of thermal energy thatcan
impactstream temperatusedownstream of the melt sour¢éscklin et al 20121 each ad Moore
2014, Lisi et al 2015)n this contextDHSVM-RBM wasfurther developed to account fibre
thermal effect of cool snowmelt runoff emodelingriver temperaturesas detailed in Yan et al
(2020).

Historical meteorological input to DHSVMRBM was taken frond/16° land surface meteorological
dataset ovet950 2013 consisting oubdailyprecipitation,air temperaturerelative humidity, and
wind speedl(ivneh et al, 2013).Future climate conditions were repreta bythe Multivariate
Adaptive Constructed Analogs (MACA) statistically downscaled CMBEZ3M outpus (Abatzoglou
and Brown 2012)We selected 0 GCMs thabestreproduced past climate in the PNW for REP
8.5 scenario (Rupp et al 2013 he selectedA GCMs include becesm11-m, CanESM2, CCSM4,
CNRM-CM5, CSIROMk3-6-0, HadGEM2CC365, HadGEMZES365, IPSECM5A-MR,

MIROCS5, and NorESMAM. Land surface conditions were characterized by geospatial input
including: (1) Digital Elevation ModdDEM) from the US Geological Survey (USGS) National
Elevation Dataset (NEDEscaled from 1 arcsec (app. 30 m) to 15@2nthe soil classnap taken
from State Soil Geograph(STATSGO), and (3)re land cover data taken from the USGS National
Land Cover Datadise(NLCD), rescaledrom 30 to 150 m.



DHSVM-RBM was validated against situ streamflow, snow, and stream temperature

observations distributed across the waterghad tributaries to the mainstefrigure 3.

Specifically, DHSVM simulatedlaily snow wateequivalent (SWEvas validated at tw8now
Telemetry (SNOTEL) station$S1i S2), daily streamflowsvere validated at fiv&/SGS flow gauges

(GIi GH), and dailystream temperatures weralidated against measurements takeiaghington

State Department ofdélogy (WSDOE, T1, T2), King County (KK5), and National Oceanic and
Atmospheric Administration (NOAA, N1)Yhe validated DHSVMRBM was then applied to

perform continuous simulations of hydrology and river temperatures driven by climate and riparian
scenaios (described in TASK 1).

RESULTS
DHSVMRBM model performance

DHSVM-RBM wascalibrated and then validated against snow and streamflow reGtwsodel
performance was measuredking-Gupta Efficiency (KGE)whichranges from negative infinity

to 1 A KGE valueequal tol indicates perfect agreement between simulations and obseryations
and a KGE coullbaregarded d s#ictory For calibrationKGE of daily SWE was

0.75 and 0.72 for S1 and S2, respectiviig; daily streamflow KGE was 0.73 for Gdor model
valuation, he daily SWE KGE was 0.93 for S1 and 0.67 for S2; the daily streamflow KGE ranged
from 0.60 to 0.65 for G1G5. Simulated daily water temperatures for the five tributary sites (K1
K5) had Peaon's correlation coefficients (r) of 0i®196 and mean absolute error (MAE) of G.92
1.43°C,; the r for the two mainstem sites (T1 and T2) was 0.91 and 0.84, and MAE was 0.97°C and
1.35°C, respectively. In general, results suggktstat DHSVM-RBM simulated snow, hydrologic
and stream temperature predictions match in situ observations fairly well across the basin.

Snowmelt effect on stream temperature

Comparisons were made in simulatesinrwide monthly mean stream temperatuigh and

without considering snowmelt effedtem March to August over 2002013(Figure 4. Results
suggestdthatsnowmelthada major influence on temperatures of headwaters and-orser

tributariesduring the beginning asnowmelt( Mar ch Apri |l ) ; the mel t i mpa
tributaries to the mainsteas melt continues; by June, snowlt from upstream rivers reductue
watersheautlettemperature by about 0.5°@wards the end of the melt season (July to August),
snowmeltimpactshows upmostlyin the highest elevationt addition,simulations showed that

snowmelt educedhehighest 7day average of the daily maximum temperat(re®ADMax) of

up to 5.8°C for streams at higher elevations such as the Middle Fork draindgegocaling effect

of >0.5°Cextends downstream until neaetconfluence of the Tolt River

Projected hydrologic and stream temperature chamgsslting from climate change

Overall, DHSVM-predictedstreanflow at the river ouet was projected to changéghtly (in
magnitude)n the futureas represented by an ensemble of 10 G(ftsure 5. Variability was
greatest across the 10 GCMs during winter and least during suimmpéring thatthe GCM
modelswerein agreement thatifure summerléw would remain the same or be slightly lowsrt



presereddivergentpredictionswith respecto futurewinter flows.Spatially, fiture flows

(ensemble average)ere projected to increase the most during wiateoss tk basin, fall in lower
mainstem, and spring in headwater reached to decrease the most during sumespecially in

the mainstemLow elevation tributaries were projected to experience the least hydrological change
across seasons.

Water temperatures \neprojected to increase yeswund, with slightly greater increases during
summer, althouglCMs present some level oincertainty Figure 5. Water temperature in the
mainstem was projected to increase the most during summer and the least during-utinter.

water temperature warming was greatest in the historically -smitwenced upper Middle Fork and
mainstem Snoqualmie River during summer and fall, high elevation tributaries during spring, and in
lowland tributaries during winter.

Projectedhydrologic and stream temperature changesulting from riparian scenarios

Simulations driven by the combined riparian and climate scenarios suggestée ti@drian
restoration scenarios decreased the climate signal, whereas the least prjt@gavescenario
amplified the climate signal. However, riparigstoratiorscenarios only projected modest water
temperatureeductionof 0.5 to 1 °C, relative to the ~5 °C increases projected tabsedy

climate changeHRigure §. The two riparian restation scenarios (full and partial) produced similar
decreases in future water temperature during spring, summer, and fall but had no effect during
winter due tdimited riparian shading during winter wheadiation inputsare low(Figure 6b,§.

The leasprotective riparian scenario produced the opposite effect, warming temperatures during
spring, summer, and falF{gure 6d. Notable differences in water temperature between the full and
partial restoration scenarios occurred near the convergence ztweeNdrth, Middle, and South
Forks. The least protective scenario increased temperatures in the Raging River and other lowland
tributaries.
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Figure 3. Gaugeof streamflow, snow, and water temperature used for DHIRBW evaluation
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Figure 4. Monthly mean stream temperature changes between two simulations (with snowr
minus without snowmelt) from March to August over Z02013.
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Figure 5. Changes in DHSVIMRBM-predicted flow (left) and water temperature (right) resulting
from climate change. Data are the difference between mean futureZ@089and historical (1995
2005) predictions across 10 global climate models and 11 years. Tingemereds (top) show
annual patterns in median daily change (dark line) &nah8l 93" percentiles (shading) at the river
outlet. Maps show mean seasonal changes in flow during (a) fatN®éeyp (b) winter (DeeFeb),

(c) spring (MarMay), and (d) summeddunAug), and seasonal changes in water temperatth (e



Figure 6. Seasonalltanges in DHSVIMRBM-predicted water temperature resulting from
riparian scenariogelative to the baseline riparian scenario in a future clinhégps show mean
changes duringg) fall (SepNov), (b) winter (DeeFeb), (c) spring (MaMay), and (d) summer
(JurrAug) for the full restoration scenatiseasonal changés the partial restration scenario
(e)1 (h), and seasonal changes for the least protective riparian sceénarib. (Data for all
scenarios are ensemble means for 10 global climate models over 11 years.



